Introduction {#Sec1}
============

Obesity incidence has increased each year, and it has become a global public health problem \[[@CR1]\]. Obesity leads to an inflammatory condition, causing elevated levels of inflammatory cytokines and disorders of immune function, and is directly involved in the etiology of cardiovascular diseases, type 2 diabetes mellitus, and certain types of cancer \[[@CR2], [@CR3]\]. Moreover, a large number of studies have demonstrated that obesity is one of the independent risk factors for myocardial dysfunction and remodeling, leading to an increase in the incidence and mortality of cardiovascular disease \[[@CR4]--[@CR6]\]. Several mechanisms have been identified in obesity-induced cardiomyopathy, including oxidative stress, autophagy, and adrenergic and renin-angiotensin aldosterone overflow \[[@CR7]--[@CR9]\]. Chronic low-grade inflammation has also been indicated as an important process in obesity-induced cardiomyopathy.

There is increasing interest in the link between obesity and inflammation \[[@CR10], [@CR11]\]. Due to the obesity process, ongoing chronic inflammation causes infiltration of inflammatory cells and progressive changes in tissue destruction and remodeling \[[@CR3], [@CR12]\]. Moreover, the link between obesity and fibrosis of the myocardium has been well determined \[[@CR13], [@CR14]\]. The levels of free fatty acids (FFAs), especially saturated fatty acids (SFAs), are significantly elevated in obese patients \[[@CR15]\] and cause an inflammatory response, which is an important factor in the development of obesity-related cardiovascular diseases \[[@CR16], [@CR17]\]. In particular, our previous study reported that palmitic acid (PA), the most abundant circulating SFA, induces myocardial inflammatory injury through the Toll-like receptor 4 (TLR4) accessory protein MD2 in vitro and in vivo \[[@CR18]\].

TLR4 is an essential modulator of innate immunity and links innate immunity and metabolic disorders, such as obesity. Myeloid differentiation protein 88 (MyD88) is one of the major adapter-dependent downstream signaling pathways of activated TLR4. Once bound to LPS or PA, the MD2 protein induces the dimerization of TLR4 and then recruits MyD88 and produces many proinflammatory molecules. Increasing evidence indicates that the TLR4/MyD88 signaling pathway not only plays an important role in the inflammatory response to infection but also participates in the development of metabolic-related diseases such as cardiovascular diseases \[[@CR19], [@CR20]\]. Targeting MyD88 may be an effective strategy for the treatment of obesity-induced cardiomyopathy.

Thus, in the current study, we provide evidence that compound LM9, a novel MyD88 inhibitor from our previous study \[[@CR21], [@CR22]\], efficiently attenuates inflammatory responses and fibrosis in obesity-induced cardiomyopathy by inhibiting the formation of the TLR4/MyD88 complex. We suggest that LM9 may be a promising therapeutic candidate drug for obesity-related cardiac complications.

Materials and methods {#Sec2}
=====================

Chemicals and reagents {#Sec3}
----------------------

LM9 was synthesized with a purity over 97% in our laboratory. PA was solubilized in low-endotoxin bovine serum albumin (BSA) (5%) at a final concentration of 5 mM. PA and BSA were purchased from Sigma-Aldrich (St. Louis, MO, USA). The MTT assay kit and oil red O staining kit (for cultured cells) were acquired from Solarbio (Beijing, China). Antibodies were purchased from the following suppliers: anti-lamin B1 (ab133741), anti-IκB alpha (ab133462), anti-Ly6G (ab25377), anti-TNF-α (ab6671), anti-collagen I (ab6308), and anti-collagen IV (ab6586) were obtained from Abcam (Cambridge, MA, USA). Anti-TLR4 (sc-293072) and anti-TGF-β (sc-130348) were obtained from Santa Cruz (Dallas, TX, USA). Anti-FLAG (SAB4200071) and anti-HA (MFCD00803873) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-ICAM-1 (Cat\# 60299-1-Ig) was obtained from Proteintech (Wuhan, China). Two plasmids encoding pCMV-HA-MyD88 and Flag-MyD88 were obtained from Sino Biological Inc. (Beijing, China).

ELISA kits for mouse TNF-α, IL-1β, and IL-6 were purchased from Invitrogen (Carlsbad, CA, USA). Nuclear and cytoplasmic protein extraction kits were from KeyGEN Biotech (Nanjing, China). PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time) was purchased from Takara Bio (RR047A, Shiga, Japan).

Compound solution preparation {#Sec4}
-----------------------------

LM9 was dissolved in DMSO to a final drug concentration of 20 mM and stored at −20 °C. Before cell experiments, the LM9 stock solution was diluted to 5 mM and 10 mM working solutions with DMSO. The final concentration of DMSO in the cell experiments did not exceed 0.1% (*v*/*v*). In animal experiments, 1% sodium carboxymethylcellulose solution was used to formulate LM9 into a 0.5 or 1 mg/L suspension. The control group and the model group were given equal doses of 1% sodium carboxymethylcellulose solution.

Primary macrophage isolation and cell culture {#Sec5}
---------------------------------------------

C57BL/6J mice were injected i.p. with 3 mL of 6% thioglycollate solution (0.3 g beef extract, 1.0 g tryptone, and 0.5 g NaCl dissolved in 100 mL double-distilled H~2~O and filtered through a 0.22-μm filter). After 48 h, the mice were sacrificed, and peritoneal cavities underwent lavage with 10 mL RPMI-1640 medium. Samples were centrifuged and resuspended in RPMI-1640 medium with 10% FBS, 100 U/mL penicillin G and 100 mg/mL streptomycin. Non-adherent cells were removed 2 h after seeding.

H9C2 myoblasts and HEK293T cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and American Type Culture Collection (ATCC, Manassas, VA, USA), respectively. The cells were cultured in DMEM supplemented with 10% (*v*/*v*) FBS, 100 U/mL penicillin G, and 100 mg/mL streptomycin. The cells were maintained at 37 °C under a humidified atmosphere of 5% CO~2~ in an incubator.

Animals {#Sec6}
-------

Male C57BL/6J mice weighing 18--22 g were purchased from the Wenzhou Medical University Animal Center (Wenzhou, China). The mice were housed in a standard, pathogen-free animal facility under a 12 h light/dark cycle at 22--24 °C with unrestricted access to food and water for the duration of the experiment. All animal experimental protocols were reviewed and approved by the Wenzhou Medical University Animal Policy and Welfare Committee. Obesity was induced by feeding the mice an HFD ([D12492](https://www.ncbi.nlm.nih.gov/nuccore/D12492)) composed of 60% fat, 20% protein, and 20% carbohydrate (Catalogue No. MD12033; MediScience Diets, Yangzhou, China). Control mice were fed a standard control diet containing 10% fat, 20% protein, and 70% carbohydrate (Catalogue No. D12450B, Research Diets, Yangzhou, China). The mice in this experiment were randomly divided into four groups as follows: (1) the control group (*n* = 6); (2) the HFD group (*n* = 7); (3) the 5 mg/kg LM9-treated HFD group (*n* = 7); and (4) the 10 mg/kg LM9-treated HFD group (*n* = 7). The mice were fed a high-fat diet or a standard diet for 16 weeks, and then the LM9 groups were treated with LM9 every 2 days at a dose of 5 or 10 mg/kg for 8 weeks by intragastric injection. Weekly monitoring of body weight beginning at the fourth week was performed. At the end of the study, the mice were killed by cervical dislocation after anesthetization with 4% chloral hydrate. Then, blood and heart tissues were collected.

Cell viability {#Sec7}
--------------

Cell viability was measured by using the MTT assay. Cells were cultured in 96-well plates at a density of 6 × 10^3^ cells per well overnight and were subsequently treated with different concentrations of the indicated compound for 24 h. Then, 20 μL MTT solution (5 mg/mL) was added to each well. After 4 h, the medium was discarded, 150 μL DMSO was added, and the absorbance was measured at 490 nm. Cell viability was defined as the percentage of the absorbance compared with the control.

ELISA {#Sec8}
-----

After pretreatment with LM9 (5 and 10 μM) for 1 h, MPMs were then incubated with PA (200 μM) for 24 h. The samples were subsequently centrifuged at 12,000 rpm for 10 min at 4 °C. Supernatants from cell cultures were assayed for mouse tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) according to the manufacturer's instructions (Invitrogen). The levels of the proteins were calculated using the standard curve method.

Analysis of serological markers {#Sec9}
-------------------------------

Colorimetric assays were performed using a colorimetric assay kit for non-esterified fatty acids and creatine kinase, including triglycerides (TGs, A110-1-1), total cholesterol (TCH, F002-1-1), high-density lipoprotein (HDL, A112-1-1), and creatine kinase (CK, A032-1-1). Creatine kinase MB isoenzyme (CK-MB, H197) was determined using a CK-MB ELISA kit. All of the kits were purchased from Nanjing Jiancheng BioTech (Nanjing, China).

Histology and immunohistochemistry {#Sec10}
----------------------------------

Heart tissues were fixed in 4% formalin for 24 h at RT. After embedding in paraffin, the heart samples were cut into 5 μm sections, which were prepared and stained with H&E or Sirius red using standard procedures.

The sections for immunohistochemistry were deparaffinized, rehydrated and then incubated with 3% hydrogen peroxide for 30 min and blocked with 1% BSA for 30 min at room temperature. The sections were then incubated with anti-Ly6G or anti-TNF-α antibodies at 4 °C overnight. Next, the sections were incubated with horseradish peroxidase-conjugated secondary antibodies. Histochemical visualization was carried out with DAB. Images were captured using a Nikon microscope equipped with a digital camera (Tokyo, Japan).

Coimmunoprecipitation assay {#Sec11}
---------------------------

Cells were seeded in 60 mm cell culture dishes at a density of 1 × 10^6^--2 × 10^6^ cells per well and cultured overnight for coimmunoprecipitation assays. The cells were collected and lysed in lysis buffer (AR0101/0103, Boster Biological Technology Co. Ltd, Pleasanton, CA, USA) and centrifuged at 12,000 rpm for 10 min at 4 °C. Two microliters of antibody were added to 600 μg of protein, and the samples were gently rotated at 4 °C overnight. The immune complexes were collected with protein A + G agarose beads (P2012, Beyotime Institute of Biotechnology, Haimen, China), and the precipitates were washed five times with ice-cold PBS. Prewashed agarose beads were boiled in sample buffer for 10 min.

Western blot analysis {#Sec12}
---------------------

Proteins were extracted from the heart tissue or cells using lysis buffer (AR0101/0103, Boster Biological Technology Co. Ltd, Pleasanton, CA, USA) according to the manufacturer's instructions. The proteins were separated by SDS--polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes (PVDF, Bio-Rad, Hercules, CA, USA), blocked with 8% skim milk (BD, Franklin Lakes, NJ, USA) and exposed to primary antibody overnight (4 °C), followed by horseradish peroxidase-labeled secondary antibodies for another 1 h. The immune complexes were visualized by exposure in a ChemiDoc XRS + system (Bio-Rad, Hercules, CA, USA).

Quantitative real-time PCR {#Sec13}
--------------------------

Total RNA from heart tissues or cells was extracted using TRIzol reagent (Takara Bio, Shiga, Japan). Reverse transcription was performed using the PrimeScript™ RT reagent kit. qRT-PCR was performed using SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). Primers including TNF-α, IL-6, IL-1β, ICAM-1, BNP, TGF-β1, collagen I, collagen IV, and β-actin were purchased from Invitrogen. The primer sequences used are shown in Supplementary Table [S1](#MOESM2){ref-type="media"}.

Statistical analysis {#Sec14}
--------------------

All data were obtained from at least three independent replicates and calculated as the means ± standard deviation (mean ± SD). The significance of the intergroup differences was analyzed with Student's *t* tests or one-way analysis of variance (ANOVA). A *P* value of \< 0.05 was considered statistically significant.

Results {#Sec15}
=======

LM9 attenuates PA-induced inflammation in mouse peritoneal macrophages {#Sec16}
----------------------------------------------------------------------

To provide a potential treatment for MyD88-driven inflammation, a new MyD88 inhibitor was synthesized in our laboratory, and the chemical structure of LM9 is shown in Fig. [1a](#Fig1){ref-type="fig"}. To determine whether LM9 attenuates PA-induced inflammation, we examined the secretion of TNF-α and IL-6 and the expression of IL-1β in PA-induced mouse peritoneal macrophages by ELISA (Fig. [1b--d](#Fig1){ref-type="fig"}). Our results showed that LM9 reduced PA-induced TNF-α, IL-6, and IL-1β in MPMs. In addition, we tested the expression of ICAM-1, and the results indicated that the expression of ICAM-1 was inhibited by LM9 (Fig. [1e](#Fig1){ref-type="fig"}). Then, we tested the mRNA levels of proinflammatory genes in MPMs after treatment with LM9, and we found that LM9 exhibited a dose-dependent inhibitory effect on the mRNA levels of proinflammatory genes, including TNF-α, IL-6, IL-1β, and ICAM-1 (Fig. [1f](#Fig1){ref-type="fig"}). These results indicate that LM9 restrains PA-induced inflammation.Fig. 1LM9 attenuates PA-induced inflammation in mouse peritoneal macrophages.**a** The chemical structure of LM9. Effects of LM9 on TNF-α (**b**), IL-6 (**c**), and IL-1β (**d**) production. The concentrations of TNF-α and IL-6 in supernatants from MPMs that were treated with various doses (above the lanes) of LM9 followed by stimulation with 200 μM PA for 24 h were measured by ELISA. The data are expressed as the mean ± SD (*n* = 3). Student's *t* test was utilized for the statistical analysis, and significant differences are indicated as \* or ^\#^. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.005 vs. the BSA-treated group; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.005 vs. the PA alone group. **e** The protein level of ICAM-1 in MPMs was determined by Western blot assay (*n* = 3). **f** MPMs were pretreated with LM9 (5 and 10 μM) for 1 h and stimulated with 200 μM PA for 12 h, after which TNF-α, IL-6, IL-1β, and ICAM-1 mRNA levels were determined by qRT-PCR. The data are expressed as the mean ± SD (*n* = 3). Student's *t* test was utilized for the statistical analysis, and significant differences are indicated as \* or ^\#^. \*\**P* \< 0.01, and \*\*\**P* \< 0.005 vs. the control group; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.005 vs. the PA alone group.

LM9 suppresses the inflammatory response and NF‑κB signaling pathway activation in PA-stimulated H9C2 cells {#Sec17}
-----------------------------------------------------------------------------------------------------------

The toxicity of LM9 is shown in Fig. [2a](#Fig2){ref-type="fig"}. Here, we examined whether LM9 protects against the inflammatory response in PA-induced H9C2 cells. The qRT-PCR results showed that the mRNA levels of TNF-α, IL-6, ICAM-1, and BNP were significantly reduced in the LM9-treated group (Fig. [2b--e](#Fig2){ref-type="fig"}). As the NF-κB signaling pathway is downstream of TLR4/MyD88 in the inflammatory response, we tested the expression levels of IκB-α and pIκB-α, and the results indicated that the degradation and phosphorylation of IκB-α were markedly inhibited by LM9 (Fig. [2f, g](#Fig2){ref-type="fig"}). In addition, cytosolic and nuclear protein levels of the NF-κB p65 subunit were tested, and we found that LM9 decreased the accumulation of NF-κB p65 in the nucleus (Fig. [2h, i](#Fig2){ref-type="fig"}).Fig. 2LM9 suppresses the inflammatory response and NF-κB signaling pathway activation in PA-stimulated H9C2 cells.**a** The toxicity of LM9 on H9C2 cells based on the MTT assay; the data are expressed as the mean ± SD (*n* = 3). **b**--**e** H9C2 cells were pretreated with LM9 (5 and 10 μM) for 1 h and stimulated with 200 μM PA for 12 h, after which TNF-α, IL-6, ICAM-1, and BNP mRNA levels were determined by qRT-PCR. The data are expressed as the mean ± SD (*n* = 3). The protein levels of IκB-α **(f)** and P-IκB-α **(g)** in PA-induced H9C2 cells were determined by Western blot assay. Representative immunoblots are shown in the upper panel, and densitometric quantification is presented as the mean ± SD (*n* = 3) in the lower panel. **h**, **i** Western blot of cytosolic and nuclear protein levels of NF-κB p65 subunit in H9C2 cells that were stimulated with 200 μM PA for 1 h. Representative immunoblots are shown in the upper panel, and densitometric quantification is presented as the mean ± SD (*n* = 3) in the lower panel. Student's *t* test was utilized for the statistical analysis (**b**)--(**i**), and significant differences are indicated as \* or ^\#^. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 vs. the control group; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and  ^\#\#\#^*P* \< 0.001 vs. the PA alone group.

LM9 inhibits TLR4/NF-κB signaling pathway activation by blocking TLR4/MyD88 binding and MyD88 homodimer formation {#Sec18}
-----------------------------------------------------------------------------------------------------------------

We further explored the mechanism by which LM9 inhibits TLR4/NF-κB activation in PA-induced cells. TLR4/MyD88 binding and MyD88 homodimer formation are necessary for activation of the TLR4/NF-κB signaling pathway \[[@CR23], [@CR24]\]. We found that LM9 treatment significantly inhibited PA-induced TLR4/MyD88 binding based on coimmunoprecipitation assays (Fig. [3a](#Fig3){ref-type="fig"}). We next examined whether LM9 inhibited the formation of the MyD88 homodimer. The transfection efficacy of HA-MyD88 and Flag-MyD88 plasmids is shown in Fig. [3b](#Fig3){ref-type="fig"}. Then, we tested the effect of PA on the formation of the MyD88 homodimer at 10, 20, and 30 min compared with that of the control group, and we found that the MyD88 homodimer apparently increased at 20 min (Fig. [3c](#Fig3){ref-type="fig"}). The effects of LM9 on blocking MyD88 dimerization were examined and are shown in Fig. [3d](#Fig3){ref-type="fig"}. Thus, LM9 inhibits the TLR4/NF-κB signaling pathway by blocking TLR4/MyD88 binding and MyD88 homodimer formation.Fig. 3LM9 inhibits TLR4/NF-κB signaling pathway activation by blocking the TLR4/MyD88 interaction and MyD88 homodimer formation.**a** Effect of LM9 on the formation of the TLR4/MyD88 complex in HEK293T cells that were stimulated with 200 μM PA for 50 min. Representative (*n* = 3) Western blots from the coimmunoprecipitation studies are shown. **b** The transfection efficacy of HEK293T cells that were cotransfected with HA-MyD88 and Flag-MyD88 for 24 h. Effect of PA-induced MyD88 homodimer formation at 10, 20, and 30 min (**c**) and the effect of LM9 in blocking MyD88 dimerization (**d**). The statistical results are shown as the mean ± SD (*n* = 3) on the right of (**d**). Student's *t* test was utilized for the statistical analysis. Significant differences are indicated as \* or ^\#^. \*\**P* \< 0.01 vs. the control group; ^\#\#^*P* \< 0.01 vs. the PA alone group.

LM9 alleviates PA-induced lipid accumulation and fibrosis in H9C2 cells {#Sec19}
-----------------------------------------------------------------------

Since cardiac steatosis is associated with impaired cardiac function during obesity, oil red O staining was utilized to investigate lipid accumulation in H9C2 cells with different treatments. Our results revealed that LM9 alleviated PA-induced lipid distribution in H9C2 cells (Fig. [4a](#Fig4){ref-type="fig"}, upper panel). Saturated PA induces MD2-dependent inflammatory injury in cardiomyocytes and causes myocardial morphological changes \[[@CR18]\]. We measured cellular morphology in H9C2 cells that were pretreated with LM9 before exposure to PA by hematoxylin staining, and the results indicated that morphological changes in H9C2 cells were alleviated by LM9 (Fig. [4a](#Fig4){ref-type="fig"}, lower panel). Fibrotic change is a feature of obesity-induced cardiomyopathy. We detected the expression levels of profibrotic proteins by Western blotting, and the data showed that the protein levels of collagen 1/4 and TGF-β were markedly decreased in H9C2 cells in the presence of LM9 (Fig. [4b, c](#Fig4){ref-type="fig"}). Similar effects were observed when the mRNA levels of profibrotic genes in H9C2 cells were analyzed by qRT-PCR (Fig. [4d](#Fig4){ref-type="fig"}).Fig. 4LM9 alleviates PA-induced lipid accumulation and fibrosis in H9C2 cells.**a** Representative images of oil red O staining (upper panel) and cellular morphology (lower panel) of H9C2 cells that were stimulated with 200 μM PA (×400 magnification). The protein levels (**b**) and the densitometric quantification (**c**) of profibrotic proteins in cells that were pretreated with LM9 before stimulation with 200 μM PA for 24 h were determined by Western blotting (representative of *n* = 3, mean ± SD). **d** H9C2 cells were pretreated with LM9 (5 and 10 μM) for 1 h and stimulated with 200 μM PA for 12 h, after which collagen I, collagen IV, and TGF-β mRNA levels were determined by qRT-PCR. The data are presented as the mean ± SD (*n* = 3). Student's *t* test was utilized for the statistical analysis (**c**), (**d**), and significant differences are indicated as \* or ^\#^. \*\**P* \< 0.01 and \*\*\**P* \< 0.001 vs. the control group; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001 vs. the PA alone group.

Effects of LM9 on body weight, cardiac function, and blood lipid profile in HFD mice {#Sec20}
------------------------------------------------------------------------------------

We used an HFD mouse model to investigate whether LM9 exhibits cardioprotective effects in obesity in vivo. HFD feeding gradually and significantly increased the body weights in the HFD group compared with those in the control group. Neither low nor high dose LM9 treatment had effects on HFD feeding-induced body weight increases (Fig. [5a](#Fig5){ref-type="fig"}). The cardiac function of mice in four groups was measured. Notably, both treatment groups showed decreased levels of CK-MB and CK compared with those in the HFD group (Fig. [5b, c](#Fig5){ref-type="fig"}). We further tested other serological markers that correlate with obesity and lipid metabolism. The levels of serum triglyceride (TG), TCH, HDL, and low-density lipoprotein (LDL) were increased in groups that were fed an HFD but were alleviated in groups that were treated with LM9 (Fig. [5d--g](#Fig5){ref-type="fig"}). Moreover, cardiac function was assessed by echocardiography. Echo examination found that treatment with LM9 improved cardiac function indicators, including EF% and FS%, and enhanced left ventricular contractility (Supplementary Table [S2](#MOESM3){ref-type="media"}).Fig. 5Effects of LM9 on body weight, cardiac function and blood lipid profile in HFD mice.C57BL/6J mice were fed an HFD for 6 months, and blood was collected for evaluation of myocardial inflammatory injury. **a** Body weight gain over a 20-week period. **b**, **c** Serological markers of myocardium injury were evaluated by CK-MB and CK. **d**--**g** The blood lipid profile contains triglycerides (TG), total cholesterol (TCH), high-density lipoprotein (HDL), and low-density lipoprotein (LDL). The data in (**a**)--(**g**) are shown as the mean ± SD, *n* = 6 or 7. Student's *t* test was utilized for the statistical analysis, and significant differences are indicated as \* or ^\#^. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.005 vs. the control group; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 vs. the PA alone group.

LM9 mitigates myocardial inflammatory injury and ameliorates fibrosis in HFD mice {#Sec21}
---------------------------------------------------------------------------------

To further investigate the effects of LM9, we observed the morphology of the hearts in the four groups by hematoxylin-eosin staining. The results showed that there were significant changes in cardiac structure, as well as myocardial thickening and interstitial proliferation, in the HFD group, while LM9 administration improved the obesity-induced cardiac pathological changes (Fig. [6a](#Fig6){ref-type="fig"}, first and second panel). In addition, LM9 ameliorated TNF-α accumulation (Fig. [6a](#Fig6){ref-type="fig"}, third panel) and decreased neutrophil infiltration (Fig. [6a](#Fig6){ref-type="fig"}, last panel) compared with those in the HFD groups. We also found that LM9 exhibited an obvious inhibitory effect on the mRNA levels of proinflammatory genes, including TNF-α, IL-6, and ICAM-1 (Fig. [6b](#Fig6){ref-type="fig"}). Previous studies have suggested that cardiac fibrosis and inflammation are potential contributors to obesity-induced changes in cardiac structure and function \[[@CR25]\]. We analyzed the interstitial collagen distribution by picrosirius red staining. As expected, there was significant fibrogenesis in control and HFD mice, while collagen deposition was significantly decreased in both LM9 treatment groups (Fig. [6c](#Fig6){ref-type="fig"}). The protein level of IκB-α is shown in Fig. [6d](#Fig6){ref-type="fig"}, and LM9 markedly inhibited the HFD-induced degradation of IκB-α (Fig. [6d](#Fig6){ref-type="fig"}). We also examined the expression levels of profibrotic proteins in heart tissue, and our results revealed that LM9 attenuated HFD-induced cardiac fibrosis (Fig. [6d](#Fig6){ref-type="fig"} and Supplementary Fig. [S1](#MOESM1){ref-type="media"}). Similar effects were observed when the mRNA levels of profibrotic genes in heart tissue were analyzed (Fig. [6e](#Fig6){ref-type="fig"}).Fig. 6LM9 mitigates myocardial inflammatory injury and ameliorates fibrosis in HFD mice.C57BL/6J mice were fed an HFD for 6 months, and heart tissue was collected to evaluate myocardial inflammatory injury and amelioration of fibrosis. **a** The upper panel shows representative myocardium histological changes by hematoxylin and eosin staining; the middle panel shows representative images of IHC analysis of TNF-α accumulation in myocardial tissues; the lower panel shows IHC analysis of Ly6G in myocardial tissues as a marker of inflammatory cell infiltration. Representative *n* = 3. **b** Effects of LM9 on the mRNA levels of proinflammatory genes and adhesion molecules in heart tissue were determined by qRT-PCR. The data are presented as the mean ± SD. *n* ≥ 3. **c** Representative images of Sirius red staining were used to assess the accumulation of collagen fibers. **d** The protein levels of IκB-α and profibrotic proteins in heart tissue were detected by Western blotting (representative of *n* = 3). **e** Effects of LM9 on the mRNA levels of profibrotic genes in heart tissue. The data are presented as the mean ± SD. *n* ≥ 3. Student's *t* test was utilized for the statistical analysis (**b**), (**e**), and significant differences are indicated as \* or ^\#^. \*\**P* \< 0.01, and \*\*\**P* \< 0.001 vs. the control group; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.005 vs. the HFD mice group.

Discussion {#Sec22}
==========

Myocardial inflammation has been widely accepted to play a pivotal role in the physiological and pathological mechanisms of cardiac function and dysfunction \[[@CR24]\]. Recent studies have shown that obesity-induced chronic inflammation is associated with the pathophysiology of obesity-related cardiovascular disease \[[@CR26]--[@CR28]\]. Hyperlipidemia leads to increased production of inflammatory cytokines and increased inflammatory cell infiltration, impairing the normal function of cardiomyocytes and leading to myocardial fibrosis and cardiac remodeling \[[@CR29]\]. It has been reported that anti-inflammatory drugs alleviate obesity-related cardiomyopathy in animal models \[[@CR30]--[@CR32]\]. Due to the potential role of inflammation in cardiovascular disease, compounds with anti-inflammatory activity may have unexpected effects in inflammatory-related cardiovascular diseases such as obesity cardiomyopathy.

Notably, numerous studies have demonstrated that TLR4 and MyD88 are robustly expressed in various inflammatory cardiovascular diseases, such as myocarditis, myocardial infarction, ischemia-reperfusion injury, and obesity-associated cardiovascular disease, and TLR4 activates the expression of several proinflammatory cytokine genes through the MyD88-dependent pathway, which plays pivotal roles in myocardial inflammation \[[@CR24], [@CR33]\]. Therefore, we can mitigate obesity-induced cardiomyopathy by targeting TLR4 or its downstream signaling pathways. Currently, the unresolved question is whether it is possible to attenuate deleterious myocardial inflammation and preserve the advantages of innate immunity while also regulating TLR4 signaling \[[@CR24]\]. However, directly blocking TLR4 or MD2 is not a perfect strategy for improving myocardial inflammation. By activating the MyD88-independent pathway and further promoting the secretion of type I interferon, which possesses an antiviral effect, the MD2/TLR4 signaling pathway also plays a beneficial role in myocardial inflammation, especially viral myocarditis. Directly inhibiting MD2/TLR4 completely blocks the function of innate immunity. Thus, it is reasonable to find an inhibitor that targets the MyD88-dependent pathway. It has been reported that both heart-specific autoimmunity and MyD88 signaling are critical for cardiac fibrosis and heart failure progression \[[@CR34]\]. However, the prevention or treatment of cardiac diseases with MyD88 inhibitors or antagonists to date has not been evaluated in human clinical trials. The lack of favorable MyD88 inhibitors may be a major cause. Recent studies have shown that 2-amino-4-phenylthiazole structures have a variety of pharmacological activities, such as anti-inflammatory and antioxidant activities, which can inhibit the dimerization of the MyD88-TIR domain. Our team took this as a lead compound to develop more effective MyD88 inhibitors for the treatment of inflammation, and LM9 is one of the most active compounds with MyD88 binding ability. In LPS-stimulated mouse primary macrophages, LM9 significantly inhibited the TLR4--MyD88 interaction and MyD88 dimerization \[[@CR21]\]. Based on the robust anti-inflammatory effects of LM9, our team explored whether LM9 alleviates the low-grade inflammation caused by long-term hyperlipidemia. We found that LM9 inhibited the inflammatory response of mouse primary macrophages induced by SFAs (Fig. [1](#Fig1){ref-type="fig"}).

The relationship between obesity and inflammation has been well demonstrated. Obesity is now often associated with chronic low-grade inflammation, suggesting that inflammation may be a potential mechanism leading to obesity-related cardiovascular complications. Moreover, obesity is often accompanied by dyslipoidosis and hyperlipidemia. In obese patients, the level of SFAs is usually elevated, which is directly involved in the etiology of cardiovascular diseases. PA is the main SFA in plasma and stimulates the production of inflammatory cytokines in cultured aortic smooth muscle cells and endothelial cells \[[@CR18]\]. Our team found that PA induced the production of inflammatory factors and caused lipid accumulation, morphological changes and fibrosis in H9C2 cells. However, this pathological state was reversed by LM9 (Figs. [2](#Fig2){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). Subsequently, animal experiments further validated the effect of LM9 on myocardial inflammation, morphological changes, lipid accumulation and fibrosis (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}).

Lipid accumulation activates harmful signaling pathways, resulting in the production of inflammatory factors and tissue remodeling in cardiomyocytes, leading to obesity-induced cardiomyopathy. The TLR4/MyD88/NF-κB signaling pathway plays a key role in regulating the inflammatory response and is directly related to the release of inflammatory factors and cell adhesion molecules. Our team found that LM9 inhibited PA/HFD-induced NF-κB signaling pathway activation in cardiomyocytes or animal models, and blocking the NF-κB signaling pathway may be associated with LM9-mediated inhibition of TLR4/MyD88 binding and MyD88 dimerization (Figs. [3](#Fig3){ref-type="fig"} and [6](#Fig6){ref-type="fig"}).

In conclusion, our study demonstrates the cardioprotective effects of LM9 on PA- or HFD-induced inflammation and fibrosis in vitro and in vivo and provides a promising therapeutic drug for the treatment of obesity-related cardiac complications. Inhibition of TLR4/MyD88 may be an effective strategy for the treatment of pathological changes in obesity-induced cardiomyopathy.
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